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Abstract Lake Balaton, the largest lake in Central
Europe, underwent severe eutrophication from the
1960s to the 1990s, due to phosphorus loadings from
external anthropogenic sources. The subsequent and
complex eutrophication control and lake restoration
program resulted in a significant decrease in the
external phosphorus loading to the lake. Conse-
quently, Lake Balaton has been returning to its former
meso-eutrophic character. In this paper, we explore
the long-term dynamics of chlorophyll a (Chl a)
concentration, a proxy for phytoplankton biomass, and
zooplankton biomass in Lake Balaton during its re-
oligotrophication period from 2001 to 2017, and
attempt to draw some conclusions on the subsequent
changes in the fish stock. We found a proportional
decrease in zooplankton and phytoplankton biomasses
at moderate phytoplankton levels. However, below a
certain phytoplankton concentration (\ 10 lg l-1 Chl
a), the decrease in phytoplankton biomass was not
coupled with a further decline in zooplankton biomass
because the fraction of small phytoplankton, edible for
zooplankton, showed a much smaller decrease in
biomass compared with large non-edible phytoplank-
ton. Thus, improvements in water quality (i.e., reduced
nutrient loading), partly via concomitant changes in
the phytoplankton size distribution, did not cause a
large difference in the fish stock in this shallow lake.
Keywords Shallow lake  Trophic state  Algal size
distribution  Inverted pyramid
Introduction
Eutrophication control is one of the foremost chal-
lenges in protecting freshwater ecosystems worldwide
(Vollenweider & Kerekes, 1982; Schindler, 2006). By
contemporary definition, eutrophication is an exces-
sive, mostly undesired algal (or plant) growth in
aquatic ecosystems, due to the increased availability
of one or more limiting factors. Phosphorus acts as an
important limiting nutrient in both freshwater and
marine systems, and an increase in either the external
or internal phosphorus input is primarily responsible
for algal blooms in most cases. Human activities
contribute extensively to the increase of phosphorus
load into aquatic ecosystems and accelerate the rate
and extent of eutrophication through both point-source
discharges and non-point loadings (Schindler, 2006).
Eutrophication may have negative impacts on
food/fishing industry and security, tourism, human
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and ecosystem health, and quality of drinking water
sources (Ngatia & Taylor, 2018).
Lake Balaton, the largest lake in Central Europe,
underwent severe eutrophication from the 1960s to the
1990s, due to phosphorus loadings from external
anthropogenic sources (Hajnal & Padisa´k, 2007;
Istva´novics et al., 2007). By the peak period of
eutrophication, both maximal- and annual mean
phytoplankton biomass increased by an order of
magnitude, compared to the pre-eutrophication levels
(Herodek, 1986; Hajnal & Padisa´k, 2007; Istva´novics
et al., 2007). The social and economic impacts of the
water quality deterioration initiated a complex process
of eutrophication control and lake restoration program
in the 1980s. It included (i) the reconstruction of the
Kis-Balaton Water Protection Reservoir system (wet-
land), (ii) sewage direction from the watershed, and
(iii) introduction of new wastewater treatment meth-
ods for phosphorus removal (Istva´novics et al., 2007).
Moreover, agriculture had collapsed after the political
transition in 1989–1990, leading to a drop in fertilizer
usage which further decreased the external phosphorus
loading to Lake Balaton. Before the eutrophication
management program (i.e. in the 1980s), the average
total external phosphorus loading to the lake was
289 ± 45 t year-1, which has decreased to
145 ± 47 t year-1 by 2002 (Istva´novics et al.,
2007). As a result of the decline in external nutrient
loadings, the lake has been returning to its former
meso-eutrophic character (Istva´novics et al., 2007;
Dokulil et al., 2014).
A comprehensive investigation of the long-term
trends in phytoplankton blooms using data from 71
large lakes (Ho et al., 2019) revealed that such a
decrease in bloom intensity, which has happened in
Lake Balaton since the 1990s (Istva´novics et al.,
2007), is relatively rare, and it was observed in only
8% of the lakes studied. The explanation of the few
deviations from the general global trend was that lakes
with decreasing bloom intensities warmed up to a less
extent than the other studied lakes or, such as Lake
Balaton, even showed a considerable decreasing trend
in summer temperatures. Thus, future global warming,
which presumably leads to elevated lake temperatures,
will expectedly negatively affect water quality (Mooij
et al., 2007) and, in turn, may lead to an increase in
bloom intensities. This vulnerability highlights the
importance of a better understanding of re-oligotroph-
ication and associated changes in shallow lakes.
Importantly, many aspects of the recovery in the
trophic state of Lake Balaton (as well as other shallow
lakes), including its impact on food web dynamics,
have not yet been investigated in sufficient detail.
Analyzing large datasets obtained from various
lakes is a general tool in limnology for ecological,
biological, hydrological, and biogeochemical charac-
terization and/or classification of lakes, as well as for
predicting future changes. Another, less widespread
but still relevant approach is to use long-term datasets
obtained from the same lake/sampling site(s) for
describing ecological trends. There are only a few
examples worldwide for such long-term datasets on a
given ecosystem that cover several decades, with
consistent sampling protocols and sufficient sampling
intensity (see e.g. No˜ges et al., 2010; Gsell et al.,
2015). The ecological history of Lake Balaton, for
example, is among the best documented ones in this
respect. Both phytoplankton- and zooplankton bio-
mass data, along with a set of various physicochemical
data have been collected for several decades across the
longitudinal axis of the lake, with a standardized
sampling protocol since 1997 (see ‘‘Methods’’
section).
Interrelationships between phyto- and zooplankton
biomass and the regulatory forces affecting these
communities are key attributes in shaping the produc-
tivity of aquatic ecosystems. Both theoretically
(Danielsdottir et al., 2007; Hart, 2011) and empirically
(see, e.g. Karjalainen et al., 1996 and references
therein), there are several possible scenarios how
phytoplankton and zooplankton biomass may interact
at a given nutrient level. Besides some abiotic factors,
such as temperature and concentration of suspended
sediment particles, which have also strong influence
on zooplankton growth, zooplankton biomass is
largely determined by the interplay of bottom-up and
top-down biological forces, i.e. food availability and
composition, and predation by fish, respectively (see
e.g. Benndorf et al., 2002; Danielsdottir et al., 2007;
Yuan and Pollard, 2018). Increasing food concentra-
tion for zooplankton (i.e., planktonic eutrophication)
often induce a decline in the zooplankton-to-phyto-
plankton biomass ratios, due to elevated grazing
pressure on zooplankton and/or a decline in food
quality (McCauley & Kalff, 1981; Hart, 2011).
Conversely, oligotrophication is expected to cause
an increase in the zooplankton-to-phytoplankton
biomass ratio, a scenario which is well supported by
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the available data (Jeppesen et al., 2005). High food
quality involves a suppression of phytoplankton
biomass by grazing. In contrast, low food quality
results in trophic decoupling at the phytoplankton–
zooplankton interface with phytoplankton biomass
determined primarily by nutrient availability. Thus,
food quality (i.e. phytoplankton composition) is a key
factor for determining phytoplankton biomass. On the
other hand, food quality and zooplanktivory interact to
determine zooplankton biomass at a given nutrient
level. Low food quality makes the zooplankton
susceptible to over-exploitation, while high algal
food-quality allows the zooplankton community to
sustain relatively high biomass and to withstand fish
predation (Danielsdottir et al., 2007). In shallow lakes,
nevertheless, due to the potentially strong linkages
between the benthic and pelagic communities, the
relationship between phytoplankton and zooplankton
biomass might even be more complex and less
predictable. In addition, lakes with high inorganic
turbidity and high turbulence intensity often lack
large-sized zooplankters (G.-To´th, 1992; Peters &
Marasse´, 2000; G.-To´th et al., 2011), which may also
influence grazing pressure on phytoplankton, and
eventually the zooplankton-phytoplankton interrela-
tionship. Thus, collecting and analyzing empirical
data is an indispensable approach for exploring the
phytoplankton–zooplankton interrelationship in tur-
bid, shallow lakes, especially under changing envi-
ronmental conditions. Our long-term dataset on
phytoplankton and zooplankton biomass and compo-
sition during re-oligotrophication of Lake Balaton,
therefore, is a valuable tool for understanding various
aspects of this process. In this paper, we explore the
long-term dynamics of chlorophyll a (Chl a) concen-
tration, a proxy for phytoplankton biomass, and
zooplankton biomass, as well as their interrelationship
in Lake Balaton during its re-oligotrophication period
from 1997 to 2017. The size structure of phytoplank-
ton communities in terms of their edibility by
zooplankton (i.e. size) is an important issue to consider
while exploring the dependence of zooplankton
biomass on phytoplankton biomass (both in general
and in particular), it is an important issue that
phytoplankton communities show heterogeneity in
terms of their edibility by zooplankton (i.e. size). It is
generally thought that zooplankton feed most heavily
on phytoplankton of 5 to 25 lm in size (see e.g. Levine
et al., 1999); this was also shown for planktonic
cladocerans and herbivorous copepods living in Lake
Balaton (G.-To´th et al., 1987). Hence, we sought to
determine whether the size distribution of phytoplank-
ton (i) changed during oligotrophication of Lake
Balaton, and, if so, (ii) did it change in favor of
phytoplankton species in the edible range (\ 25 lm in
size). Based on our findings we provide some infer-
ences on the consequent changes in the fish stock.
Methods
Study site
The study area, Lake Balaton (46 620–47 040 N, 17
150–18 100 E), is situated in the western (Transdanu-
bian) part of Hungary. Lake Balaton has a surface area
of 596 km2, a mean depth of 3.2 m, and a catchment
area of 5,775 km2. The total water volume is 1.9 km3,
and water retention time is about 4 to 6 years.
Typologically, it is a shallow, calcareous lake with
moderate salinity, and characterized by high mineral
turbidity, high wind-induced turbulence intensity,
electrical conductivity range of 700–900 lS cm-1,
and pH range of 8.4–8.8 (G.-To´th et al., 2011;
Bolgovics et al., 2017; Szabo´-Tugyi et al., 2019).
Lake Balaton displays an elongated shape with a
maximal length of 78 km and a mean width of 7.7 km,
and is oriented along a southwest-northeast direction
(Fig. 1). The lake has more than 50 inflows. Its largest
tributary, the River Zala, flows through the Kis-
Balaton Reservoir before entering the western basin,
and accounts for about 50-60% of the total annual
water supply to the lake. Lake Balaton is discharged
via the Sio´-Canal, which outflows at the eastern basin.
The lake can be divided into four main basins, with
increasing mean depths and areas, and decreasing
catchment areas from west to east (Fig. 1; Istva´novics
et al., 2007). These characteristics implicate several
consequences, including a definite trophic gradient
along the longitudinal axis of the lake (see ‘‘Results’’
section; Vo¨ro¨s et al., 2009; Felfo¨ldi et al., 2011; Ho
et al., 2019). Besides its ecological value (the lake is a
designated Natura 2000 and Ramsar area), Lake
Balaton is a major recreational area, visited by
millions of tourists every year.
123
Hydrobiologia
Sampling
Phytoplankton and zooplankton samples were col-
lected regularly with a biweekly or monthly sampling
frequency, between 2001 and 2017, and 1999 and
2017, respectively, from April to October. For the
western and eastern basins, additional phytoplankton
data are available from 1997 (see ‘‘Results’’ section).
Samples were taken at five different standard loca-
tions, representing the four main basins along the
longitudinal axis of the lake (from west to east: N46
44.0950 E17 16.5830, N46 45.1120 E17 25.1450,
N46 50.6610 E17 44.5950, N46 55.3270 E17
55.6490, and N46 59.1570 E18 04.7470). Due to its
surface area and spatial heterogeneity, there were two
designated sampling sites in the eastern basin (Fig. 1,
see also, e.g. G.-To´th et al., 2011). Phytoplankton
samples were collected using a 3.5 m long tube
sampler (inner diameter: 50 mm), providing represen-
tative samples of the entire water column. Metazoan
zooplankton (all planktonic invertebrates, except
protozoans) were collected at every 0.5 m depth from
the surface to the sediment (i.e., representing the
whole water column: 5–8 samples in total, equivalent
to 170 to 272 l of lake water) using a 34-l Schindler-
Patalas-sampler (height: 50 cm), equipped with a
40 lm pore-sized funnel-trap. To obtain single,
homogenous samples, the set of concentrated zoo-
plankton samples taken from various depths at the
same location were pooled and filtered through the
funnel-trap again, resulting a final sample volume of
250 ml. Freshly collected and unpreserved phyto-
plankton samples were transported to the laboratory
within 2 h in a dark container, while zooplankton
samples were preserved on site using either neutral-
ized formalin (3% final concentration) or Patosolv
(mixture of 85–90% ethanol and 10–15% 2-propanol;
70% final concentration).
Determination of biomass and taxonomic
composition of phyto- and zooplankton
Phytoplankton biomass was determined either by
converting Chl a concentration data to biomass using
literature conversion factors or determining bio-
volumes directly by microscopy, or both. The former
method is widely used in limnology, while the latter
one is much less widespread, partly due to its time-
consuming nature (as well as the need of specific
expertise). Due to this reason, although we have both
types of datasets with similar results, Chl a data was
primarily used as a proxy for phytoplankton biomass.
For measuring Chl a concentration, 0.5–1.0 l of
lake water was filtered through GF-5 glass fiber filters
(Macherey–Nagel, Du¨ren, Germany), from which
pigments were extracted using hot methanol. The
Chl a concentration of the pigment extracts was
determined spectrophotometrically using a Hitachi
U-2900 dual-beam spectrophotometer (Hitachi,
Tokyo, Japan) according to Wetzel & Likens (2000).
Fig. 1 Map of Lake
Balaton with standard
sampling points (crosses).
Division of the lake into four
basins is also indicated
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Chl a concentrations were converted to phytoplankton
dry weight, taking into account that Chl a content
represented about 0.55% of the wet weight of phyto-
plankton during the study period (c.f. Kasprzak et al.,
2006 and references therein) and a conversion factor
of 5.0 between its dry and wet weight. Nano-
(2.0–20 lm) and microplankton (20–200 lm) in the
collected samples were fixed with Lugol’s solution.
The composition and abundance of these fractions
were determined using an IX 73 Olympus inverted
microscope (Olympus, Tokyo, Japan) according to the
method of Utermo¨hl (1958). Separately, the abun-
dance and composition of the pico-fraction
(0.2–2.0 lm) of phytoplankton was determined using
fresh, unpreserved samples according to (MacIsaac &
Stockner, 1993). Briefly, samples were concentrated
on black cellulose-acetate filters (Macherey–Nagel,
pore size: 0.4 lm), which were subsequently embed-
ded into 50% glycerol on a microscope slide. The
slides were examined using an Olympus BX51
epifluorescence microscope at 91,000 magnification
equipped with blue–violet (U-MWBV2) and green (U-
MWG2) fluorescence filter cubes. Twenty fields
(* 400 cells) were photographed using an Olympus
DP71 CCD camera and cells were counted on the
images to avoid fluorescence fading. The sizes of
algal/cyanobacterial cells from different fractions (i.e.,
picoplankton, nanoplankton, and microplankton) were
determined and their volumes were calculated accord-
ingly. The total bio-volume of individual cells and,
after summing up, the entire fractions were converted
to wet weight (biomass) by assuming a specific density
of 1.0 g cm-3.
The taxonomic composition, individual density and
biomass of the preserved zooplankton samples were
analyzed using a Zeiss-Opton inverted microscope
(980–9200 magnification; Carl Zeiss, Oberkochen,
Germany), by counting at least 600 individuals per
sample, which resulted in a less than 6% counting
error (Lund et al., 1958). Biomass of individual
zooplankton, classified by taxonomy, sex and size
(age), were calculated using literature conversion
factors (see, e.g. Odermatt, 1970; Dumont et al., 1975;
Ponyi & Za´nkai, 1982; Padisa´k & Adrian, 1999, and
references therein) and were expressed as dry weight.
Statistical analysis
We calculated mean monthly values for Chl a concen-
tration, a direct proxy for phytoplankton biomass, and
the total summarized zooplankton biomass from April
to September over the period 2001–2017, with both
phytoplankton and zooplankton data available. By
restricting the data to the April to October periods,
uncertainties, introduced by variations in length of the
sampling season, were avoided. The mean values over
the April to October periods were somewhat higher as
compared to the corresponding annual values in all
basins, due to most of the data were obtained between
April and October and phytoplankton biomass is
usually the lowest in winter. Initially, five individual
datasets, representing the five standard sampling
locations along the longitudinal axis of the lake, were
considered (see above and Fig. 1). However, as the
data obtained from the two westernmost and also from
the two easternmost sampling points, respectively, did
not differ statistically, we evaluated them together in
the analyses and distinguished only three basins along
the longitudinal axis of Lake Balaton: the western, the
middle, and the eastern basin.
Statistical analyses were performed using the R
statistical environment (version 3.3.2; R Core Team,
2016). We tested the effect of basin as well as year on
the mean Chl a concentration and on the mean
zooplankton biomass of each year, by applying
General Linear Models. In order to achieve a normal
distribution we log transformed zooplankton biomass
data. Two separate models were used, including either
Chl a or zooplankton biomass concentration as the
dependent variable, while the predictor variables were
basin and year. To test the influence of phytoplankton
biomass on zooplankton biomass, we included Chl
a as a predictor variable. The significance of the
predictor variables was determined by the Type II
analyses of variance table using the ‘‘Anova’’ function
from the ‘‘car’’ R package (version 3.0-2; Fox &
Weisberg, 2011).
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Results
Temporal trends in Chl a concentration
and zooplankton biomass during oligotrophication
The oligotrophication of Lake Balaton during the
study period was characterized by a significant
decrease in Chl a concentration. The declining trend
was typical in all basins. Most of the data collected
from the western basin displayed a scatter between 5
and 25 lg l-1 Chl a, however, there were also
repetitive spikes on top (highlighted by red dashed
line; Fig. 2A). These spikes, representing the late
summermaxima in Chl a concentration each year, also
showed a decreasing trend during the study period.
Likewise, the calculated annual mean values (Fig. 2B,
black), as well as mean values over the April to
October periods (Fig. 2B, red) exhibited a clear
declining trend, indicating an overall decrease in
phytoplankton biomass during oligotrophication. By
the end of the study period (i.e. 2013 to 2017), this
basin clearly showed a meso-eutrophic character
(Wetzel, 2001) with about 12 lg l-1 mean Chl
a concentration.
Most individual Chl a data from the oligo-me-
sotrophic eastern basin scattered between 1 and
8 lg l-1 Chl a, with, again, repetitive spikes on top
across years (Fig. 2C, D). These summer peaks,
especially at the end of the study period, were less
apparent as compared to those from the western basin
(Fig. 2A). Nevertheless, both the annual maxima
(Fig. 2C, red dashed line) and averaged values
(Fig. 2D, solid lines) showed the same declining trend
as was observed in the western basin (see Fig. 2A and
B). However, in the eastern basin, the corresponding
values were much lower, each by a factor of approx-
imately three (note that the scales differ on the vertical
axis.). In this basin, the annual mean Chl a concentra-
tion decreased below 3 lg l-1 in years 2015 and 2017.
Unsurprisingly, the Chl a data obtained from the
Fig. 2 Changes in chlorophyll a concentration, a proxy for
phytoplankton biomass, in the western (A, B) and eastern basin
(C, D) of Lake Balaton from 1997 to 2017. While panels A and
C show all data obtained with a contour line of annual maxima
(red dashed line), panels C and D show annual means (black) as
well as means over the annual April to September periods (red)
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middle basin area similarly showed a declining trend,
with values falling between those of the western and
eastern basins (data not shown).
The statistical analysis corroborated the monoto-
nous decline in Chl a concentration with time, and the
trophic gradient along the longitudinal axis of Lake
Balaton was also evident (R2 = 0.768; regression
coefficients and their P-values: intercept (20.436,
P\ 2 9 10-16), years (- 0.500, p = 5.30 9 10-8),
middle basin (- 5.749, p = 1.49 9 10-7), eastern
basin (- 10.101, p = 1.52 9 10-14)). Hence, the
calculated regression equation for Chl a concentration
is: yearly mean Chl a (lg l-1)=-
20.436 - 0.50 9 year (from 1 to 17)? basin_effect,
where basin_effect is 0,- 5.749 and- 10.101 for the
western, middle and eastern basin, respectively. Thus,
the Chl a concentration in Lake Balaton declined with
an average of 0.5 lg l-1 yearly during the study
period.
In contrast to the similarities in long-term changes
in Chl a concentration (and phytoplankton biomass,
data not shown) in all three basins during oligotroph-
ication, the corresponding changes in zooplankton
biomass showed a different pattern in each basin.
Although the zooplankton biomass data from the
western basin exhibited much higher scattering as
compared to the corresponding phytoplankton (Chl a)
data, they showed the same overall decreasing trend
(Fig. 3A, B). In addition, while the majority of
individual zooplankton biomass data fell between
150 and 800 lg l-1, they also showed repetitive
spikes (up to 2,900 lg l-1; highlighted by red dashed
line), which, similar to phytoplankton peaks, occured
mostly in late summer. Likewise, maximal and annual
mean of individual zooplankton densities, expressed
as ind l-1, showed the same trends (data not shown).
These all indicated, expectedly, a tight correlation
between the phytoplankton and zooplankton biomass
and bottom-up control of the latter. Neither the annual
maxima of the zooplankton biomass (red dashed line)
nor its yearly mean levels showed a clear tendency in
the eastern basin (Fig. 3C and D, respectively). The
zooplankton biomass levels in the middle basin fall
again between those of the western and eastern basins,
i.e. showed only a moderate decrease during the past
two decades (data not shown).
Similar to Chl a concentration, the statistical
analysis of zooplankton biomass data clearly showed
a long-term decrease, as well as a concomitant
increase along the longitudinal axis of the lake
(regression model: R2 = 0.325; coefficients and their
P-values: intercept (6.476, P\ 2 9 10-16), years
(- 0.028, P = 0.002), middle basin (- 0.368,
P = 0.001), eastern basin (- 0.348, P = 0.002)). The
corresponding regression equation for zooplankton
biomass was: log (yearly mean zooplankton biomass
(lg l-1)) = 6.476–0.03 9 year (from 1 to 17)
? basin_effect, where basin_effect is 0, - 0.368 and
- 0.348 for the western, middle and eastern basin,
respectively. This is equivalent to a 3.6% yearly mean
decrease in zooplankton biomass during the study
period.
To visualize long-term changes, we calculated
multiannual mean values, covering 4–5 years, for
each basin. The resulting long-term trends in Chl
a concentration and zooplankton biomass are shown in
Fig. 4A and B, respectively.
Interrelationship between Chl a concentration
and zooplankton biomass
We investigated the response of zooplankton to
changes in phytoplankton biomass (i.e. Chl a). Statis-
tical analysis revealed that Chl a concentration had a
significant effect on zooplankton biomass (df = 1/45;
F = 12.99; P\ 0.001), when the basin- and year
effects were considered in our model.
There was a nonlinear response of zooplankton
biomass to changes in Chl a concentration, as
highlighted in Fig. 5. The relationship between zoo-
plankton biomass and Chl a concentration was steep
and positive above approximately 10 lg l-1 Chl
a concentration (Fig. 5A). However, below this
threshold the relationship was weaker, i.e., the
zooplankton biomass is apparently higher than
expected based on a linear extrapolation of data
obtained with higher Chl a concentrations. This result
was much more evident when Chl a concentration and
zooplankton biomass data are plotted on a double
logarithmic scale (Fig. 5B). Nevertheless, in spite of
this atypical relationship, the zooplankton to Chl
a concentration (Z/Chl) as well as zooplankton to
phytoplankton (Z/P) ratios followed a general pattern,
i.e. increased considerably with decreasing Chl a con-
centration and phytoplankton biomass (Fig. 6A–C;
see also ‘‘Introduction’’ section). Interestingly, neither
the Z/Chl nor the Z/P ratio change much above
10 lg l-1 Chl a (Fig. 6A, C) in agreement with the
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linear relationship between zooplankton biomass and
Chl a concentration in this trophic range (Fig. 5),
while below that threshold the double-logarithmic plot
(Fig. 6B) shows a linear decrease, which is character-
istic for meso-eutrophic systems (Yuan & Pollard,
2018). With decreasing Chl a concentration and
phytoplankton biomass, the calculated Z/P ratios
increased from about 0.5–0.6 to about 2.6–2.7
(Fig. 6C, D).
Changes in the phytoplankton size distribution
during oligotrophication
Comparing the relative contribution of edible
(\ 25 lm in size) and non-edible ([ 25 lm) phyto-
plankton as a function of total phytoplankton biomass,
a tenfold decrease in the annual mean phytoplankton
biomass is accompanied by a substantial increase in
the relative contribution of the small, edible phyto-
plankton (from about 30% to about 70%), while the
corresponding contribution of non-edible fraction
changed in the opposite direction (Fig. 7A and B,
respectively). Furthermore, the annual mean zoo-
plankton biomass was independent of the total
(annual) biomass of non-edible phytoplankton
(Fig. 8A, B), while the biomass of edible phytoplank-
ton clearly showed a linear relationship (Fig. 8C, D;
R2 = 0.35).
Discussion
Our data on zooplankton biomasses and Chl a concen-
trations and ratios concur with global trends but also
show some lake-specific differences. As expected, re-
oligotrophication of Lake Balaton has been accompa-
nied by a significant decrease in Chl a concentration
(hence, in phytoplankton biomass) in both space
(across the west-east trophic gradient) and time
(across year-groups) regardless of the trophic state.
The maximal annual values during the study period
(25–65 lg l-1 Chl a in the western basin) were much
Fig. 3 Changes in zooplankton dry weight biomass in the
western (A, B) and eastern basin (C, D) of Lake Balaton from
1997 to 2017. While panelsA andC show all data obtained with
a contour line of annual maxima (red dashed line), panels C and
D show annual means (black) as well as means over the annual
April to September periods (red)
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below the mean peak concentrations (up to 125 lg l-1
Chl a) recorded in 1986 and early 1990s (Speczia´r &
Vo¨ro¨s, 2001). A concomitant increase in the Z/Chl
ratios during oligotrophication also occurred. How-
ever, there was an atypical nonlinear response of
zooplankton biomass to Chl a concentration, i.e. a
steep decrease in the multiannual mean zooplankton
biomass level with decreasing Chl a level only above a
certain concentration ([ 10 lg l-1 Chl a; Figs. 3,4B,
and 5). Below this threshold the relationship between
zooplankton biomass and Chl a concentration was
much weaker due to relatively high zooplankton
biomasses (Fig. 5). This pattern, with (i) relatively
high zooplankton biomass at higher trophic states and
(ii) relatively stable zooplankton biomass below a
certain Chl a concentration, differs remarkably from
previously published data on the interrelationship
between phyto- and zooplankton biomass, which
followed either a linear or power function or showed
linearity only at very low phytoplankton biomasses
(i.e. in oligotrophic lakes) rather than at high(er) ones
(McCauley & Kalff, 1981; Hart, 2011; Yuan &
Pollard, 2018). Even among the cases which were
best fit with power functions there was only one with
an exponent[ 1 (i.e. increasing zooplankton biomass
with increasing phytoplankton biomass) but that case
showed a quasi-linear dependence of the zooplankton
biomass on the phytoplankton level (N = 1.15; Hart,
2011). We attempt to explain this trend to a substantial
enrichment in food quality parallel to oligotrophica-
tion, i.e. much higher percentage of phytoplankton
Fig. 4 Long-term changes in multiannual mean chlorophyll
a concentration (A) and zooplankton dry weight biomass (B) in
the western- (black), middle- (green), and eastern basin (blue) of
Lake Balaton from 2001 to 2017. Averages of 4–5 years is
considered with standard deviation indicated as error bars
Fig. 5 Relationship between multiannual mean chlorophyll
a concentration and zooplankton dry weight biomass plotted on
linear- (A) and on double-logarithmic (B) axes. Data are taken
from Fig. 4 with error bars shown. Dashed line on panel A
shows the linear fit of data obtained from the middle and eastern
basin only assuming a zero intercept. Color coding is the same as
of Fig. 4
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community falls in the size range of smaller than 2 lm
(Fig. 7) which could be considered as the size limit, in
regards of edibility, for various zooplankton taxa
(Levine et al., 1999; c.f. Bell, 2002; Agasild et al.,
2007). This change in phytoplankton composition and
the linear relationship between the biomass of edible
phytoplankton and zooplankton biomass (Fig. 8C, D)
concurs with the earlier observations (McCauley &
Kalff, 1981; Hart, 2011; Heathcote et al., 2016). In
addition, parallel to the (relative) increase in the edible
phytoplankton fraction with decreasing total phyto-
plankton biomass, the relative contribution of unicel-
lular cyanobacteria with poor nutritional value (de
Bernardi &Giussani, 1990) also decreases, which may
also contribute to the relatively high zooplankton
biomass at low phytoplankton levels. The increase in
the edible phytoplankton fraction is expected to also
be related to an increase in the Cladocera/Copepoda
abundance ratios (Sommer & Sommer, 2006).
The calculated Z/Chl ratios in Lake Balaton also
follow the global pattern, i.e., a decrease with
increasing phytoplankton biomass density and trophic
state and vice versa, increasing substantially with
oligotrophication (Fig. 6). Although Chl a content of
the phytoplankton biomass is season-, species- and
also light dependent, based on Z/Chl values, a rough
estimation on the zooplankton-to-phytoplankton (Z/
P) biomass ratios was also calculated (see ‘‘Methods’’
section). This resulted in a Z/P ratio of about 0.68 to
2.42, in very good agreement with the Z/P data
obtained by direct bio-volume determination. These
values are much higher than most of the corresponding
Fig. 6 Relationship between the trophic state (multiannual
mean chlorophyll a concentration, phytoplankton dry biomass)
and the ratio of zooplankton dry weight biomass to chlorophyll
a concentration (Z/Chl; A, B) and to phytoplankton biomass (Z/
P; C, D). Z/Chl data are plotted on both standard linear- (A) and
on double-logarithmic (B) axes; data in these panels are taken
from Fig. 5 with error bars shown with color coding is the same
as of Figs. 4 and 5. Dry weight phytoplankton biomass was
assumed to be 20% of the corresponding wet weight biomass (C,
D)
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values in other shallow lakes with meso-eutrophic
character (Jeppesen et al., 2003). Remarkably, at the
end of the study period, the multiannual mean
zooplankton biomass exceeded more than twofold
the corresponding phytoplankton biomass in the
oligotrophic eastern basin. Such an inverted biomass
pyramid is characteristic for systems with low stand-
ing stock of primary producers with high production
rates, and these criteria are often met in lakes with low
phytoplankton biomass (del Giorgo & Gasol, 1995).
The observed high Z/P ratios also mean that the turbid
character of the lake, which is detrimental for large-
sized zooplankters, does not have an overall negative
impact on the zooplankton biomass in Lake Balaton.
Moreover, the role of benthic or other sources (e.g.
microbial loop) cannot be excluded; addressing these
questions needs further investigations, such as
stable isotope studies.
Although the relationship between fish- and zoo-
plankton biomass has to be considered carefully in
shallow lakes, where a substantial fraction of biomass
(i.e. of invertebrates as fish food) is produced in the
benthic and littoral zone, shifts in zooplankton
biomass is expected to cause changes in the fish
assemblage and biomass. Indeed, the eutrophication of
Lake Balaton from the 1960s to 1990s was accompa-
nied by a substantial increase in fish biomass (Bı´ro´,
1997; Ta´trai et al., 2008), while the onset of
oligotrophication induced extensive fish kills in 1995
(Bı´ro´, 1997). However, the subsequent water quality
improvement of Lake Balaton over the study period
between 2001 and 2017 was not accompanied by any
(further) decrease in catch per unit effort (CPUE)
values for the three dominant planktivorous fishes in
Lake Balaton: common bream (Abramis brama L.),
common bleak (Alburnus alburnus L.), and razor fish
(Pelecus cultratus L.) (Speczia´r, 2010; Speczia´r &
Er}os, 2020). This observation is in accordance with the
data available in the National Fishery Database
(Hungary) on annual fishery yields in Lake Balaton
between 2003 and 2013 (676.6 ± 137.1 t year-1),
which show no decreasing trend in CPUE during this
period (fishery data is available until 2013). However,
the stable or even increasing fish biomass along with
decreasing phytoplankton level is in contrast with
most of the available literature data, reporting
decreasing fish biomass with decreasing phytoplank-
ton biomass density and/or increasing Z/P ratios (Bı´ro´
& Vo¨ro¨s, 1982; Jeppesen et al., 1997, 2003; Ta´trai
et al., 2008). This result requires further investigation.
Nevertheless, only a minor part of the variances in gut
content (i.e. diet) and within-lake distribution pattern
of the above mentioned fish species could be explained
by spatial factors, and longitudinal environmental
gradient has significant effect only at the habitat level
(Speczia´r et al., 2013; Speczia´r & Er}os, 2014). The
observed high Z/P ratios and relatively high zooplank-
ton biomass densities below 10 lg l-1 Chl a concen-
tration may provide a partial explanation for these
phenomena.
Ecosystem services provided by lakes, especially in
densely populated and/or areas attractive as tourist
destinations such as the Balaton-region, must fulfil
complex, often antagonistic societal requirements,
including regulating- (i.e. water regulation), supply-
(drinking water, fishing and/or angling), conservation-
(nature protection, ecosystem complexity) and cul-
tural functions (recreation, sport, tourism) (Fulop,
2016). Changes in the water quality affect most of
these functions, to various extents. Eutrophication,
due to the accompanying deterioration of water quality
Fig. 7 Relative contribution of edible (\ 25 lm, (A) and non-
edible ([ 25 lm, (B) phytoplankton as a function of total
phytoplankton biomass. All data points represent annual mean
values. Data from the western and eastern basin are marked by
black and blue dots, respectively
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and related potential health risks, is generally consid-
ered to be negative in terms of cultural functions. In
turn, oligotrophication is generally considered to be
positive owing to improvements in water quality. On
the other hand, the impact of eutrophication on fishery
and angling (i.e. on fish biomass) is expected to be
positive, despite the relative decrease in zooplankton
biomass as compared to phytoplankton biomass.
Oligotrophication might have a negative impact on
fish productivity, and therefore, on fishery yields.
However, fish catch data have shown no substantial
decrease in the more recent phase of the ongoing
oligotrophication (see above), possibly, at least to a
certain extent, due to the relatively high zooplankton
abundance even at low phytoplankton densities and
adaptive responses of zooplanktivorous fish to chang-
ing trophic state. Moreover, most of the preferred
game fishes feed primarily on benthic and periphytic
food resources, and therefore, they are less affected by
variations in zooplankton production (Speczia´r &
Rezsu, 2009; Speczia´r, 2010). Thus, oligotrophication
and improved water quality of Lake Balaton could be
considered as a story of success in regards of providing
various ecosystem services, including good water
quality without a considerable decline in fish stock.
Fig. 8 Relationship between the biomass of non-edible ([ 25
lm, A, B) and edible (\ 25 lm, C, D) phytoplankton and
zooplankton plotted on standard linear- (A, C) and on double-
logarithmic (B,D) axes. Data on panelsC andD are fitted with a
linear function. All data points represent annual mean values.
Data from the western and eastern basin are marked by black
and blue dots, respectively
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Conclusions
During the re-oligotrophication of Lake Balaton, we
found a proportional decrease of zooplankton and
phytoplankton biomass at moderate phytoplankton
levels. However, below a certain phytoplankton
concentration, the decrease in phytoplankton biomass
did not involve a further decline in zooplankton
biomass as the fraction of small phytoplankton, edible
for zooplankton, showed a much smaller decrease in
biomass than that of the large, non-edible one. Thus,
different from the overall global trend, water quality
improvement (i.e. a decrease in nutrient input level)
and accompanying increases in the zooplankton-to-
phytoplankton biomass ratio did not induce a decrease
in the fish stock of Lake Balaton, which is well
supported by the CPUE data obtained by gill net
fishing.
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